In this paper, a commercial finite element analysis (FEA) software, ANSYS, is used to simulate the Electromagnetic Forming (EMF) process by means of a sheet metal impinging on a die at high speed and deforming to the shape, in this case, a cup. It is known that in high-energy rate forming processes, such as EMF, the effect of temperature gradients becomes important where the generation of heat during plastic deformation should be recognized. The high-energy rate dissipated in the material will promote strain localization in it and premature failure in regions of high strain rate will occur. Therefore, the choice of the optimum speed to deform the sheet to a degree that will not cause local failure and at the same time will deep form the material is very important. It is calculated that in order to avoid the local failure by thermal softening, the highest temperature rise should be below 200°C for this particular aluminum alloy chosen in this simulation. The results show that at this highest temperature, the corresponding maximum deformation of the cup is 23 mm and the highest strain rate is 230.68/s. So, this process is only suitable for forming a shallow cup.
INTRODUCTION
An electromagnetic force can be used to accomplish sheet metal forming, instead of direct mechanical, hydraulic or pneumatic force. Electromagnetic forming, sometimes called magnetic pulse forming, is a highenergy rate forming (HERF) process, and the effect of temperature gradients with time becomes important.
Clearly, the production of heat during plastic deformation becomes an important factor in the forming process. When a material is plastically deformed, most of the energy is converted to heat /1 /, with a temperature gradient established by the strain-rate. The thermal gradients soften the material differentially, increasing the local strain rate and the temperature in high strain regions. As a result, the flow stress 335 Vol. 12. No. 5. 2001 Electromagnetic High Velocity Manufacturing Processes decreases with increasing temperature, and further deformation is localized preferentially in this zone. This "auto catalytic" process therefore tends to promote strain localization, and premature failure in regions of high strain rate and temperature occurs. Because of the co-relation between high strain regions, high temperature regions and reduced flow strength with increased temperature, deformation induced heating would always appear to assist the strain localization, and degrade formability. A number of experimental and analytical studies showing the effect of deformation heating in tensile deformation have been reported /2-13/.
These show a decrease of tensile ductility by natural deformation heating.
Thermomechanical phenomena are even more complex in the sheet metal forming processes which generally involve high processing speeds, because heating from friction as well as deformation-induced heating contribute to an increase in the temperature of the workpiece in high strain-rate and high friction region. Indeed, in high-speed manufacturing processes, less time is available for the heat accumulated within the workpiece to dissipate by conduction. This leads to the build-up of temperature gradients within the part which can strongly affect its workability. During a simple cup-forming operation, temperature increase of 65-95°C is common in the wall thickness where strain localization occurs 121.
The foregoing discussion illustrates the importance of modeling thermomechanical phenomena for accurate simulation of many sheet-forming operations. In thermoplastic analysis, special attention should be paid to the coupling of deformation with the temperature change. Bishop /14/ developed the principles of a numerical method for solving thenno-plasticity problems by separating the complex problem of heat generation by conduction, and by material transport into two parts. In this scheme, the heat generation and material transport are regarded as occurring instantaneously, followed by an interval in which heat transfer by conduction and convection occur simultaneously. This method has been used and modified by several authors /15,16/ and its suitability in solving thenno-plasticity problems for small time steps has been verified.
Unlike the general deep drawing process, the electromagnetic forming process requires neither punch nor blank holder to clamp the edge of the sheet metal. Also, this process has a very high strain rate (10 3 
PROCEDURE
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A commercial FEA software, ANSYS 5.3, was utilized to simulate the sheet metal impinging on the die at high speed and deforming it to the final shape. This process is assumed as a bending and stretching process where the sheet metal gradually conforms to the shape of the die. High inertia forces act on the sheet and deform the sheet to the final shape. It is known that in high-energy rate forming process, the high energy will promote strain localization and premature failure in regions of high strain rate. On the other hand, the high speed forming can improve the yield criterion, and can be used for deep forming of some materials to the degree that will result in fracture by conventional methods. Therefore, it is imperative that the optimum speed to deform the sheet be chosen in a manner that will not cause local failure while adequately deep forming the chosen material.
Computational procedure
The program consists of two parts; one addresses the rigid-plastic material response and the other deals with the transient heat transfer problem. The following sequence is maintained during the computational procedure:
1) At the beginning of a new time step, the inertia velocity is incremented. All mechanical and thermal parameters are given for a particular material.
2) The rigid-plastic finite-element method is applied to solve non-linearly for the plastic deformation during a small time interval, holding the temperature constant during that small internal. Mechanical quantities (stresses, strains, new geometry such as, aspect ratio) and heat generation rates from plastic deformation are obtained.
3) The updated geometry and heat generation rates calculated in (2) are used to formulate the transient heat transfer.
4) The transient heat transfer equation is solved and the temperature distribution is determined using the linear finite-element method. The problem is discretized into finite elements in Lagrangian spatial coordinates and the central difference scheme is used for time integration.
5) The current geometry, temperature, etc. are updated and the process is repeated for the next step by repeating steps (1 to 4).
Problem Specification
In order to simulate the electromagnetic forming process, the following scheme is used.
A sheet metal made of an aluminum alloy impinges on the die at very high velocity. The die is assumed to be rigid. The phenomenon will be studied for 80 microseconds after the sheet metal comes into contact with the die. The objective of this analysis is to determine the deformation of the sheet metal, and the maximum The solution can best be obtained by using a single load step with several sub-time steps. In the load step, the initial velocity and the constraints are all applied at once. Automatic time stepping is turned on to allow ANSYS to determine the time step sizes. The total time for the analysis is taken to 4* 10" 5 second to ensure a long enough time to capture the total deformation. The sub-time step size is taken to be 4* 10" 7 second.
The following material properties are used for this problem:
Elastic modulus = 7.24* 10 Thermal conductivity K=200 W(m*T), where Τ is absolute temperature (Kelvin)
The following sheet dimensions are used in this problem.
Length=0.24m
Width=0.24 m
Thickness=0.008 m
The range of the initial velocity of the sheet impinging on the die is first assumed. Using the ANSYS code, the results of the maximum deformation of the sheet and the corresponding time needed are directly obtained by only giving the sheet dimensions and the material properties. From the maximum deformation and the corresponding time, the average strain rate is calculated, from which the heat generation rate is also computed. Next, the heat generation rate on the sheet and the appropriate boundary conditions are applied, from which the highest temperature distribution in the sheet is determined.
According to /I/:
Heat generated rate by plastic straining:
where the coefficient v=0.9 is the fraction of plastic work converted to heat and V is the volume of the sheet.
The σ and ε represent, respectively, the effective true stress and true strain.
Constitutive equations incorporating the effects of strain, strain-rate and temperature in this situation were generated by 151:
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where Κ and β are the material constants, η is strain exponent, m is strain rate sensitivity exponent, ε 0 is the initial strain rate, ε 0 is the initial strain, Δ Τ is the temperature difference between current absolute temperature and the initial absolute temperature.
In this particular case, we have, 
Substituting σ into equation (1) q d = 0.9*566* ΙΟ 6 jsdV = 0.9*566* 10 6 eV
For this particular sheet, V = .008* .24 *.24 = .4608* 10~3(w 3 ) (5)
If it is assumed that the heat generation rate of the 4 central nodes is two times that of the 12 peripheral nodes, then the heat generation rate at the 12 peripheral nodes is q d *(234731.52/20)^ = 11736.57Έ
Heat generation rate at the 4 central nodes is
By assuming the range of the heat generation rates we obtain the maximum temperature distribution in the sheet.
The results are listed in Table 1 .
Table 1
The results of the corresponding maximum deformation, strain-rate, and temperature rise for different initial velocities of sheet impinging on the die. From the data listed in Table I we can see, for example, that when we assume the initial velocity of the sheet to be 900 (m/s), the corresponding maximum deformation or the depth of the deformed sheet is 0.023069 (m), the maximum strain rate is 230.68 (s 1 ) and the highest temperature rise in the sheet is 200°C.
Initial velocity maxi deformation
According to the handbook /17/, the melting temperature of this aluminum alloy is approximately 600°C. So, in order to avoid the local failure by thermal softening, the highest temperature rise should be well below 600°C. Considering some safety factors, we assume the forming limit for the aluminum alloy chosen in this simulation based on temperature to be 200°C. Hence, we can only perform shallow forming of the sheet to a maximum deformation of 0.023069 (m), for which the corresponding maximum strain rate of the sheet is 230.68 (s" 1 ). This matches well with the data recommended in the literature, (230(s"')) /18/. The maximum strain rate corresponding to the forming limit recommended as a result of this study is also within the manufacturing capacity of the normal HERF machines.
It is also known, based on the above analysis, that this process is only suitable for forming a shallow cup.
Hence it is recommended that the sheet metal be shallow formed several times in order to obtain a final deep cup, that is, first deforming the sheet to 0.023m, for instance, and then letting it cool down. After the sheet cools down to room temperature, it can be deformed again. This iteration process continues until deep forming the cup to the final shape. However, great care must be taken to ensure that the maximum deformation of the final deep cup should be within the forming limit based on the shear instability criteria, and the possibility of thermal fatigue and strain-hardening from each preceding step should be considered.
CONCLUSIONS AND SUMMARY
1) A commercial FEA software ANSYS 5.3 was utilized to simulate the sheet metal impinging on the die at high speed and deforming it to the final shape, in this case, a cup. It is assumed that this process is a bending and stretching process. ANSYS' shell and contact elements have been used to model the sheet metal and its contact with the surface of the die, and thus gradually deform the sheet to its final shape by high inertia forces. The results show that the solid model developed in this study is satisfactory to simulate the sheet metal forming process with high strain rate.
2) In high-energy rate forming processes, such as EMF, the high energy will promote strain localization and premature failure in regions of high strain rate. The temperature gradient increases with increasing forming speed, and has a detrimental effect on the ductility of the workpiece. For the aluminum alloy chosen in this simulation the highest temperature attained should be less than 200°C to avoid the local failure due to thermal softening. At this highest temperature, the corresponding maximum deformation is approximately 0.02m and the highest strain rate is 230 s" 1 , which matches well with the data recommended in the literature (200 s"').
3) It is also shown, based on analysis, that this process is only suitable for forming a shallow cup. Hence, it is recommended that the sheet metal be shallow formed several times in order to obtain a final deep cup on condition that the final deformation of the sheet is within the forming limit based on shear instability as well as the effect of strain hardening from successive steps of deformation.
